A proper modeling of tertiary recovery processes such as gas injection or WAG (Water Alternating Gas) requires an adequate three-phase flow model. This allows to better predict the recovery efficiency, gas storage reservoir performance as well as the well injectivity.
Introduction
Whatever the nature of a field, hydrocarbon or underground gas storage, exploitation often leads to large sweeping of the reservoir by fluids. For hydrocarbon reservoir, it can happen naturally when aquifer support is strong or when gas cap expands downwards. Most of the time, artificial pressure maintenance is needed and gas or (and) water are injected depending on reservoir properties and fluid availability. For almost two decades, WAG (Water Alternating Gas) injection strategies have been developed to improve sweep efficiency at both macroscopic and microscopic scales [1, 2] . A kind of WAG also occurs when old waterflooded reservoirs are converted into gas storage. Alternated sweeping of gas and water results from annual cycle of pressurization and depressurization [3] . These examples illustrate that large parts of a reservoir can be subject to successive drainage and imbibition. This generates hysteresis on relative permeabilities that must be considered to make numerical simulations fully representative.
Hysteresis on relative permeabilities has been experimentally evidenced with various measurement methods in two-phase flow [4, 5, 6, 7, 8, 9 ] and more seldom in three-phase flow [10, 11, 12] . These studies show that relative permeabilities are not only functions of saturations but also depend on the saturation history and especially their sense of variation. This kind of hysteresis is related to a strong decrease of the nonwetting phase mobility (referred from now as gas) during imbibition. Complexity is added in three-phase flow since relative permeabilities are found to depend also on cycle history if cycle denotes the association of two successive displacements (drainage and imbibition). This kind of hysteresis is mainly related to significant gas relative permeability reduction along the cycles [11, 13] . The Land's formula is largely used whatever the modeling approach considered [14] . It consists of linking initial gas saturation with residual gas saturation after imbibition and assuming that the relation remains valid along a scanning curve between the trapped gas saturation (S gt ) and the free gas saturation (S gf ). Knowing that S g is equal to the sum of S gt and S gf , it enables to derive S gf at any saturation. Distinct Analytical expressions of relative permeabilities derived from porous medium description are modified thanks to Land trapping formula in order to calculate hysteretic expressions where only mobile fluids are considered [14] . Killough method relies on interpolation formula between input bounding curves to calculate scanning curves. Weighting coefficients are function of S gt and curvature of scanning curves can be adjusted by a parameter [15] .
Carlson method uses only drainage curve with Land formula to deduce bounding and scanning imbibition curves. He stated that imbibition gas relative permeability at S g is equal to drainage gas relative permeability at S gf . Then, all imbibition curves are found paralell [16] . In numerical simulation with three-phase flow, hysteresis is most of the time treated by combining two-phase model of Killough or Carlson with one version of Stone's model (1 or 2) [17, 18] . This approach has been used to simulate WAG experiments [19, 20, 2] . If this is efficient to take into account trapping impact with three phases, it fails reproducing cycle hysteresis, as scanning curves are reversible. A more successful three-phase hysteretic model is proposed by Skauge et al [13] . In drainage, empirical expression including reduction factor function of S w is used and cycle associated imbibition is calculated with Carlson like method. Water relative permeability is found by interpolation between two input bounding curves. Oil relative permeability results from Stone 1 method where residual oil saturation is implemented as a function of S gt , which enables to reach values beyond S org . This paper proposes another methodology to tackle the problem of hysteresis with three phases. Specific experiments, consisting of successive gas and water injections at ambient conditions, are first presented. Corresponding relative permeabilities, derived by history matching, are discussed in terms of hysteresis. This enables to propose a new methodology in the modeling part. Cycle hysteresis on relative permeabilities is seen as a consequence of hysteresis between trapping and untrapping phenomena. Hence, Land's formula is used with distinct constants depending on the displacement considered and the history. The methodology is applied with fractal relative permeability expression to derive hysteretic expressions. Implementation of the new model in a reservoir code is presented in the last section. Validation examples on laboratory experiments are provided and sensitivity study on a cross section is also added to evaluate impact at a large scale.
Experiments
Rock/fluids system All the experiments were conducted on a Estaillades limestone. Petrophysical properties of the core are gathered in Table 1 . Although none specific wettability test has been performed, the core is supposed to be strongly water-wet: Two-phase oil/water relative permeability curves show that water permeability is low at residual oil saturation and the crossing point of the two curves is higher than 0.5 ( Figure 1 ). Naturally, this rock is water-wet and oil never stayed in contact with rock for a long time, which excludes significant wettability alteration. Main specificity of Estaillades limestone is to exhibit bimodal porosity:
Vugs sized between 100 and 200 µm in the lowest cemented parts. Smaller pores ranged between 1 and 50 µm. These confer to the pore size distribution a typical shape with two slopes in a Log-Log diagram (Figure 2 ).
The liquids used are Soltrol 170 as oleic phase, brine 30 g/l NaCl as aqueous phase and Nitrogen as gas phase. Fluid properties are detailed in Table 2 . From the corresponding values of IFT, the spreading coefficient S, S wg wo og
which denotes the ability of oil to spread on water in presence of gas, is found positive, equal to 4.8 mN/m. It shows that film flow of oil is favored by the experimental context.
Experimental set-up
The apparatus is represented on Sketch 1. At the inlet, it is possible either to inject gas at a fixed pressure through a regulator or to inject brine at a fixed rate through a pump. Pressure drop along the core is recorded by a differential sensor. At the outlet, fluids are collected into a separator. Oil and water productions are measured directly by reading evolution of the menisci positions. Two devices are used for the gas phase:
When gas just breaks through or when water is injected, production is low and a sensitive device is needed. Hence, the gas line is connected directly to a second upside down separator initially filled with water. Raw measurements are first corrected because pressure is lower in the upper part of the second separator, which gives the total production. Gas production is derived by subtracting liquid productions recorded independently in the first separator. Further in the experiment, this device was also used to perform gas rate measurement during gas injections. At the outlet, gas line was opened to the second separator for a given time and corresponding production was measured. When gas rates were higher direct measurement was done with a Labflow. The working range of this equipment goes from one to 500 cc/mn.
Experimental procedure
Three-phase hysteresis experiments Injections of gas and water were successively performed into the core. Each flooding was pursued after the BT of the injecting phase to insure that the displacement mode (drainage or imbibition) is the same in the whole core. This radically differs from WAG injection experiment where several slugs of each phase coexist into the porous medium and make interpretation difficult in terms of hysteresis.
Several initial saturation conditions were considered from irreducible water saturation to residual oil saturation. Establishment of these initial conditions was achieved:
By displacement of one phase until production ceased, to reach end points saturations. By a steady state injection with adjustment of flow rates of each phase, to reach the expected intermediate saturation along the core. Whatever the initial state, sequence of injections was the same:
Gaz injection at 500 mb (D1) (except TRI2 at 700 mb by steps) Brine injection at 10 cc/h (I1) Gaz injection at 500 mb (D2) (except TRI2 at 700 mb by steps) Brine injection at 10 cc/h (I2) D and I respectively denote Drainage and Imbibition whereas the number indicates the chronology according to the displacement mode.
Land's constant experiment
Review of the literature shows that the Land's formula is a corner stone in practically all the published modeling approaches of relative permeability taking into account hysteresis. Then, complementary experiments were performed with only gas and water to collect information about Land's constant in Estaillades limestone.
In those experiments, core is first fully saturated with brine. Then, gas is injected at a fixed pressure until production stabilizes. Finally, imbibition is performed with brine to residual gas saturation (S gr ). Experiments were realized with various gas injection pressures so that a large range of gas saturation (S gi ) was reached before imbibition.
Results
Experimental curves Four three-phase experiments were conducted as detailed in Table 3 . Figure 3 and 4 show evolution of experimental curves for the tertiary case TRI2 during the two first injections: D1: initially, only water is produced but production of an oil bank was observed when gas breaks through at roughly 2000 seconds. It suggests a reconnection of residual oil by gas phase. Gas rate progressively increases after the BT as liquid saturations decrease (the jump observed at 9000 seconds corresponds to an increase of injection pressure from 450 to 700 mb, see Table 3 ). I1: only gas is produced initially but production of an oil bank was also observed just before the water breaks through suggesting reconnection process due to water invasion. Pressure drop curve is very typical with a maximum value. This phenomenon is related to the oil bank mobilization. When injection starts, pressure increases because water replaces gas. As oil mobilizes, pressure drop due to the bank becomes higher and higher. Although oil bank extension is limited, contribution on the pressure signal is significant because oil viscosity is high. When oil production begins, gas production stops and oil is integrally replaced by water of lower viscosity, which makes the pressure drop decrease. Figure 7 represents evolution of saturation pathways. It shows that the four pathways converge to the same area during D1 injection. Oil production was observed whatever the initial saturation. Oil also was produced during I1 in all the experiments. For D2 and I2 injection phases, saturation pathways remain parallel to the gas/water axis showing that oil saturation remains stable.
Saturation pathways

Relative permeability determination
Methodology is already described elsewhere [21] . It relies on history matching of experimental curves with results of numerical simulations. A reservoir code adapted to laboratory conditions was used (ATHOS). Relative permeabilities are introduced as tables functions of two saturations (S g , S w ). Values are adjusted by trial and error method until a good agreement is reached. Examples of fitting are provided on Figure 3 , 4, 5 and 6. Krw From Figure 8 , no hysteresis can be detected for the most wetting phase. This result is in contradiction with published works on three-phase hysteresis [11] . Main difference between the two experimental approaches is operational conditions. In reference [11], experiments were conducted at 100 bars whereas our apparatus works at ambient conditions. It is suspected that pressure increase due to water injection compresses the gas located in the upstream part of the core, which tends to hide hysteresis influence. However, it implies that the wetting phase is not strongly affected by saturation history as it is observed in two-phase flow. Krg Hysteresis effect is very important on the non-wetting phase as shown on Figure 9 , 10 and 11. During the two first injections D1 and I1, a classical cycle of hysteresis is observed with an increase of K rg during drainage and a strong decrease during imbibition. No reversibility is observed during the second hysteresis cycle (D2 and I2). K rg follows the same general trend with an increase associated to the drainage and a decrease to the imbibition, but the whole curves are shifted on the left (high gas saturation). This shift suggests a kind of offset related to the trapped gas saturation. At equal gas saturation, K rg is lower with cycle chronology making gas mobility decrease. This behavior is also observed in reference [13] . It was observed in all the cases whatever the initial saturations and shows that hysteresis in three-phase is particular because it is sensitive to:
The nature of the displacement considered (drainage or imbibition), which means that K rg depends on saturation history (as in two-phase flow).
The chronology of the cycle considered if a cycle represents the association of two consecutive displacements (drainage and imbibition). This hysteresis is proper to three-phase and means that the process depends on cycle history. Kro As shown on saturation pathways, oil saturation variations are not significant enough along the cycles to put on light hysteresis effect on the oil relative permeability. Nevertheless, impact of hysteresis is important on residual oil saturation evolution. In tertiary conditions (TRI2), oil production was observed during each injection step of the first hysteresis cycle making residual oil saturation decrease. Hence, hysteresis effect contributes to lower oil saturation in the porous medium. Figure 12 , where S gr is plotted as a function of S gi . A manual fitting with analytical expression [14] ,
Land
Hysteresis constant of Land is derived as demonstrated in
gives the best value C L equal to 0.8. This relatively low value suggests that trapping effect is important in Estaillades. This is qualitatively in good agreement with general trend (high trapping in carbonate rocks [22] ).
Modeling
Background on the fractal model This approach is fully described elsewhere [23, 24, 25] and was successfully used to model three-phase relative permeabilities obtained during gas drainage experiments on water-wet [26, 25] and intermediate-wet samples [27] . Principle relies on a fractal pore picture derived from capillary pressure curve. Fluids are assumed to flow in concentric layers within the same fractal pore and phases are distributed according to their wettability (water on the pore wall, gas in the bulk of the pore and oil sandwiched). Relative permeability expressions are obtained by adding contribution of each capillary occupied by a phase with Poiseuille's law. From its nature, the model enables to take into account a realistic fluid distribution within the pore structure as imposed by the solid-liquid interactions (wettability) and the liquid-liquid interactions (spreading conditions).
Fundamental expressions are reminded hereafter: From the correlation :
where S w is the saturation of the wetting phase, a fractal linear dimension D L can be deduced from the slope of the capillary pressure curve obtained by mercury intrusion.
In these expressions, the irreducible water saturation, S wi is assumed to be immobile. S or is a part of the residual oil S orw that corresponds to a given water saturation S w , where S orw is the maximum residual oil saturation left in place by a waterflooding. In the following, S or will be denoted by (S or ) Sgt=0 to avoid confusion with general definition of residual oil with hysteresis (notation from reference [13] ). Because gas is the non-wetting phase, it occupies the porous space starting from the bulk of the pores.
, where D L is the linear fractal dimension of the porous medium and S L is the total liquid saturation.
Hysteresis formulation
Main features of three-phase hysteresis are related to the cycle dependence. It confers to K rg curves a particular evolution along the cycles. Gas mobility is progressively reduced at equal gas saturation because curves are shifted towards the high gas saturation level. If two successive cycles could be deduced by simple translation, it would mean that the trapped gas after imbibition is not remobilized and does not participate in gas flow during the following drainage. Actually, this is not exactly the case, but it indicates that the hysteresis of K rg between I1 and D2 can be attributed to hysteresis in terms of trapped gas saturation. Hence, hysteresis on K rg can be entirely explained by non-reversibility between trapping and untrapping phenomena. In the modeling approaches, Land's formula is used to calculate free gas saturation during a displacement on a scanning curve to estimate effective permeability of gas. As S gf decreases during imbibition, it leads to permeability reduction. Land's constant is set unique and only dependent on the porous medium. This implies that S gf calculation is the same under imbibition and secondary drainage and then conducts to a reversibility of the scanning permeability curves. If this concept fits requirements of two-phase flow, it fails in describing cycle hysteresis. Hence, it is proposed to conserve Land's formulation but to use it differently. Distinct constants are used depending on the displacement mode and also the history. This enables to restitute directly hysteresis between trapping and untrapping of the non-wetting phase.
The model proposed hereafter provides Land's constant in any kind of situations whatever the displacement nature and chronology. In the following, C L , C T and C U denotes respectively the Land, trapping and untrapping constants. The model must fulfil several conditions to be in accordance with experimental behavior: C T is equal to C L in all the trapping phase (imbibition) because it corresponds exactly to the conditions where Land's constant can be used straightforward.
When S gr is low, it is expected that C U is close to C L because little gas is trapped in the biggest pores and makes untrapping easiest. When S gr increases, untrapping is harder making C U becoming higher than C P .
When a large fraction of gas has been already trapped (high S gt ), it is supposed that a kind of reversibility is reached. This is attributed to the remaining presence of inaccessible trapped gas saturation in the smallest pores occupied by gas.
An empirical expression of C U was built to fit the above requirements:
where:
C UM denotes the maximum value of the untrapping constant. K rgmin is low mobility curve. K D1 rg is the high mobility curve (first drainage). S gr2 is the maximum trapped gas saturation. λ is an empirical coefficient to play on C U evolution.
First term in C U expression is calculated at gas saturation corresponding to the beginning of the previous imbibition whereas the second term is calculated at the beginning of the drainage followed. Figure 13 shows general view of elements, which are included in the model. From its expression C U is completely displacement dependent. C U passes through a maximum as suggested by requirements. Position and amplitude of this maximum can be easily adjusted with λ and C UM .
Residual oil saturation
Previous works [28, 13] showed that low residual oil saturation can be obtained in presence of trapped gas. It was proved that general evolution of S or can be reasonably estimated with:
In this expression, reduction of oil saturation is directly linked to the trapped gas through the coefficient a. This behavior is physically explained in terms of apparent saturation. One part of the trapped gas saturation is seen as an oil phase and makes production possible even beyond (S or ) Sgt=0 . This explanation also suggests that the other part of the trapped gas rather contributes to increase water saturation.
If we consider the experiment TRI1, it comes a constant a equal to 0.45 which is in good agreement with default range given in [13] : between 0.3 and 0.5.
Relative permeability expressions
In this part, water-wet relative permeability expressions are modified to take into account trapped gas saturation. Krg This is the easiest expression to modify as free gas flows in the center of the fractal pore. Apparent saturation of liquid phase is S L +S gt instead of S L . It comes the general expression,
=K rg (S gf ), we obtain a Carlson like result but hysteresis is fully taken into account through calculation of the trapped gas saturation. Synthetic evolution of K rg along WAG injection cycles is given in Figure 14 .
Kro Oil relative permeability is also deduced by apparent saturation consideration. As seen above, S L becomes S L +S gt and S w becomes S w + (1-a) Krw If one part of trapped gas contributes to make water apparent saturation higher, its presence impacts flow behavior of the wetting phase [11] . In the following expression, it is supposed that flowing S w is deprived from a quantity proportional to the trapped gas saturation related to water.
R is a permeability reduction coefficient.
Numerical simulations
Model implantation
The three-phase relative permeability fractal model coupled with hysteresis model has been implanted in the GENESYS© reservoir simulator developed by SMC consulting company [29, 30] . This implantation has been achieved in a way that allows the new fractal and hysteresis modules to be easily connectable to other commercial reservoir softwares. Two numerical schemes are available allowing solving equations in pressure and saturation with explicit schemes or mixed implicit and explicit schemes. The choice of the scheme is depending of the complexity of the case to solve and its resulting stability.
Validation on experimental data
Simulation of TRI2 Estaillades core has been meshed using a regular gridding of 100 meshes in the main axis. All the petrophysical characteristics of rock have been implemented and kept constant in each cell. The two first injection periods of the experiments held in initial tertiary conditions (TRI2) have been simulated with the new methodology. Comparison with experimental data is provided on Figure 15 .
Very good agreement is reached for liquid production curves in both injection sequences. Amplitude and production time of oil bank mobilization, observed during D1 and I1, is particularly well simulated. It suggests that the code succeeds in mobilizing oil at low saturation so that small residual value can be reached as observed experimentally. Water production is also correctly predicted even if roughly 1 cc difference is observed with experimental data at the end of D1. Gas rate is less efficiently matched especially when pressure was increased up to 700 mb. Nevertheless, first part of the curve is in good accordance and breakthrough time is found close to experimental observation.
Comparison with Stone I model
The same simulation has been performed using Stone I model (Figure 16) . A matching of the same quality of the experiment was impossible to be reproduced with that model. This experiment starts with tertiary condition where oil saturation is close to S orw . Stone I model can make residual oil saturation decreasing down to S org but not further down.
Fontainebleau Sandstone core simulation An experiment of WAG made on a sandstone core [20] has been simulated. The core is a composite sample made with two samples whose two permeabilities are 100mD and 163 mD. The porosity is respectively 10% and 11.16%. This experiment was performed in reservoir conditions (200 bars 80°C) with a core in tertiary condition. 14 slugs of water and gas were injected within a 83000 seconds experiment. Slug size is equal to 3% of the pore volume.
Water, oil and gas productions are fairly well matched as shown on Figure 17 . Gas and oil breakthroughs are also in good agreement with experimental observations. A more pronounced scatter appears between experimental oil recovery and the simulated one but it has to be mentioned that total oil recovery is very low (around 4 cm 3 ). The difference between results of the simulation and the experiment reaches a maximal value of less than 1 cm 3 , which is the same order of the experimental uncertainty. As a consequence, it is not possible to make a fair judgement on the quality of the matching of the experiment dealing with oil phase. Nevertheless, the simulation of this WAG experiment gives promising results dealing with water and gas recoveries. Hysteresis on gas phase is a prevalent phenomenon in a core WAG experiment. The good agreement on production recoveries tends to prove that the trapping and untrapping phenomena are fairly well modeled.
Large scale simulation
WAG on a cross section A cross section has been extracted from the depleted oil field Saint Martin de Bossenay bought by Gaz De France a few years ago in order to convert it into a gas storage. A WAG phenomenological study has been performed on that cross section. This study aims at testing the stability of the numerical model with up to 50 alternate cycles but also at making various sensitivity studies on petrophysical parameters, in order to measure their influence on the extent of the three-phase zone in the reservoir. Another interest is to check out impact of the new model in comparison with classical approaches (Stone,…) in order to observe if the differences observed at the core scale are still present at the reservoir scale.
One injector well has been placed in the center of the structure and two producers are located at each side of the cross section ( Figure 18 ). The injector alternatively injects gas at the bottom of the perforations and water at the top of them in order to delay partition of the phases due to gravity. The previous model composed of 5 horizontal layers has been refined into 9 layers. The total cross section has 720 meshes. A horizontal barrier exists modeled by layer 5 on the right side of the cross section between the injector and the producer 2. The average porosity is close to 10% and average absolute permeability is about 100 mD. All the main characteristics are summarized in Table 4 .
Oil in the reservoir is undersaturated and pressure is kept above the bubble point during whole the production. The first part of the production is performed through natural depletion during only 100 days in order to prevent reservoir pressure decreasing below bubble point. Then, a waterflooding is applied during 2400 days, followed by an enhanced oil recovery with water alternate gas injection to 8100 days.
Stability of the model
The model presents a very good stability and a very short CPU time decreased down to 15 minutes for the whole cross section simulation. The IMPES scheme allows long time step during the simulation without any instability.
Sensibility study Kv/Kh sensibility In the simulations shown on Figure 19 , different values of Kv/Kh from 0.01 to 1 are considered. Evolution of permeability ratio is obtained by progressively decreasing value of vertical permeability. As seen on Figure 19 , significant differences are observed according to the permeability ratio value. The best recovery is obtained with the lower ratio. In this case, segregation between the phases is reduced which makes three-phase area, just near the WAG injector well, become larger. Extension of this three-phase area improves recovery, as low residual oil saturation can be reached inside. Moreover, three-phase area tends to moderate gas segregation through cycle hysteresis. It has been observed that the lower the Kv/Kh ratio, the sooner is the water breakthrough during waterflooding stage and the latter is the gas breakthrough during WAG flooding.
Comparison with different recovery schemes
Different injection schemes have been simulated and compared to the WAG base case (slug of 3% PV) on Figure  20 . Water flooding gives recovery results very close to WAG recoveries. This result is not surprising due to St Martin de Bossenay field petrophysical properties. First, S org estimated from laboratory experiments is very close to S orw and as a consequence gas displacement can only provide a very low incremental recovery. The second reason is the ratio Kv/Kh equal to 0.1. As a consequence, the three-phase zone has not an extension important enough close to WAG injector. WAG injection is also simulated with higher rates (5% PV) and larger slugs (7% PV). It gives incremental oil production but no significant influence of the slug size has been observed. This certainly results from the restricted extension of the three-phase area, which hides effect at the reservoir scale.
Comparison between different models
In this last part, influence of the three-phase permeability model on the oil recovery is explored. Hysteresis is introduced progressively with only saturation history dependence and then with complete model. Run made with no hysteresis at all predicts the lowest recovery. This is similar to results found in reference [13] and is explained by absence of gas trapping, which does not enhance oil recovery. Complete hysteresis model gives lower recovery than basic model with no cycle dependence. This may result from overall cross section morphology. Anyway, it shows that differences exist between the two cases and that three-phase hysteresis particularity has to be fully taken into account to run more representative simulations.
Conclusions
A new analytical model for three-phase relative permeability hysteresis has been presented. It is based on an existing threephase model for drainage conditions and on experimental observations revealing the particular behavior of hysteresis in three-phase flow context. Indeed the new model takes into account drainage/imbibition hysteresis and cycle hysteresis which is characteristic of three-phase flow.
The main results of the present work can be summarized as follows:
In three-phase flow, strong hysteresis has been observed for the most non-wetting phase (gas). Hysteresis of the water relative permeability is by far less important. Two hysteresis types have been observed: a mechanism (drainage/imbibition) and a cycle hysteresis (history). Cycle hysteresis is attributed to the differences between gas trapping and untrapping phenomena. The fractal pore model, used successfully in prediction of three-phase relative permeabilities for gas injection processes, has been extended here to take into account three-phase hysteresis. The Land's approach has been used for drainage/imbibition hysteresis. For the cycle hysteresis, different Land's constants were introduced which depend on the history. The model implemented in a reservoir simulator has been validated on a WAG injection experiment for which all three production curves are reproduced rather successfully. Compared to the standard models it turns to be much better, by efficiently describing the incremental oil recovery at successive water and gas injections. Numerical simulations in a cross section showed significant differences compared to the classical approach.
They demonstrated that it is of prime importance to take into account complete three-phase hysteresis in order to predict correctly WAG efficiency. They also confirmed that in large scale Kv/Kh is an important factor on the extent of the three-phase zone, which in turn influences the WAG scheme overall efficiency. = irreducible water saturation S gr = residual gas saturation S gi = initial gas saturation before imbibition S gt = trapped gas saturation S gf = free gas saturation S org = residual oil saturation after gasflooding S orw = residual oil saturation after waterflooding (S or ) Sgt=0 = residual oil saturation before gas trapping S or = residual oil saturation Gas rate cc/s water oil Simulated wate r Simulated oil gas rate Simulated gas rate
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